Excess insulin secretion and hyperinsulinaemia contribute to the progression of type 2 diabetes.
| INTRODUCTION
Excess insulin secretion and chronic hyperinsulinaemia have a pathogenic role in the progression of type 2 diabetes (T2D).
1-3 However, the signals through which β-cells increase insulin secretion and their relative relevance are not fully understood.
Preliminary evidence suggests a primary role for plasma triglycerides (TG) in directly enhancing β-cell function. In fact, although chronic exposure to high TG may lead to β-cell dysfunction, 4 an overnight infusion of lipids was able to markedly increase fasting insulin secretion in young people, 5 and endogenous TG were directly associated with both fasting and glucose-stimulated insulin secretion in a large cohort of non-diabetic adults (n = 1016). 6 Endogenous TG are transported from liver to peripheral tissues in the core of very low-density lipoproteins (VLDL), whose size closely reflects their TG content. Circulating VLDL might directly interact with pancreatic β-cells, 7 but their effect on insulin release has not been examined.
A greater sensitivity to the stimulatory effect of lipids on β-cells might explain higher insulin levels observed in African Americans compared with Caucasians and Hispanics. 8 However, African Americans typically show lower plasma TG and smaller VLDL, even in the presence of severe insulin resistance. 9 Thus, ethnic/racial differences in the relationship of TG/VLDL with insulin secretion could be hypothesized.
Based on these observations, in this study we sought to evaluate the relationship of plasma TG and specific VLDL fractions with insulin secretion in a multiethnic cohort of non-diabetic adolescents, independent of insulin resistance and other confounders. Furthermore, we examined whether these associations are modulated by ethnic background in the three major race/ethnic groups in the United States.
| MATERIALS AND METHODS

| Study design
We recruited 630 overweight/obese non-diabetic adolescents from (Table S1 in File S1).
The study was conducted according to the principles expressed in the Declaration of Helsinki and approved by the Yale Human Investigation Committee. Written parental informed consent and written child assent were obtained from all participants.
| Metabolic studies
Glucose tolerance was assessed by a 3-h oral glucose tolerance test (OGTT). Insulin secretion rate (ISR) was estimated by C-peptide deconvolution, and β-cell function parameters were calculated by modelling ISR and glucose concentration. 10 Insulin clearance was calculated as the ISR/plasma insulin ratio. 11 Insulin sensitivity was estimated by the Whole-Body Insulin Sensitivity Index (WBISI), which has been validated against the euglycaemic-hyperinsulinaemic clamp in adolescents. 12 Further details are reported in Supplemental Methods (see the supporting information for this article).
| Lipoprotein analysis
Fasting VLDL particle concentration and size were measured as reported in Supplemental Methods. VLDL were separated into three subclass categories according to their size: large (>60 nm), medium (35-60 nm), and small (27-35 nm). 13 
| Statistical analysis
Non-normally distributed variables were log-transformed. Continuous and nominal variables were analysed using Student's t tests or χ 2 tests, respectively. Correlations were tested using Pearson's correlations. 3 | RESULTS
| Fasting triglycerides are independently associated with plasma insulin and insulin secretion
Within each WBISI tertile, adolescents with high fasting TG had significantly higher fasting insulin levels and ISR than adolescents with normal TG (Table 1 ). In the whole cohort, fasting TG were directly correlated with both fasting and OGTT insulin concentrations VLDL particles correlated with TG levels (r = 0.69, P < 0.0001) and WBISI (r = −0.20, P < 0.0001), and were associated with both fasting ISR (r = 0.28, P < 0.0001; St.β = 0.09, P = 0.004) and glucosestimulated ISR (r = 0.22, P < 0.0001; St.β = 0.06, P = 0.09) (Table S3 ).
Average VLDL size was 52 AE9 nm, being larger in boys than in girls (54 AE9 vs. 51 AE8 nm, P = 0.0001), and in Hispanics than in African Americans (54 AE9 vs. 50 AE8 nm, P = 0.003). VLDL size was associated with TG (r = 0.38, P < 0.0001), WBISI (r = −0.35, P < 0.0001), age (r = −0.11, P = 0.007), and BMI z-score (r = 0.17, P < 0.0001).
VLDL size correlated positively with both fasting ISR (r = 0.34, P < 0.0001; St.β = 0.08, P = 0.007) and glucose-stimulated ISR (r = 0.27, P < 0.0001; St.β = 0.07, P = 0.04). Consistently, large and medium VLDL were directly proportional to ISR parameters (Figure 1 ), while small VLDL showed no correlations (absolute concentrations) or even negative correlations (relative per cent concentrations) (Table S3) . 
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We did not observe a significant effect of the interaction between TG and ethnicity on ISR either at fasting (P = 0.16) or during the OGTT (P = 0.66). In fact, the association between TG and ISR was similar between the three ethnic subgroups ( Figure S1 ). Similarly, ethnicity did not modulate the effect on fasting/OGTT ISR of either VLDL particle (P = 0.11 and P = 0.72, respectively) or VLDL size (P = 0.46 and P = 0.83, respectively).
| Changes in fasting triglycerides over time are independently associated with changes in insulin secretion
Changes in fasting TG levels over time were associated with changes in fasting ISR (r = 0.24, P = 0.002) and OGTT ISR (r = 0.31, P < 0.0001) in 239 adolescents with follow-up data (median follow-up 1.6 years, interquartile range 0.9-2.3 years) (Table S1 ). These associations remained statistically significant after adjustments (fasting ISR St.β = 0.15, P = 0.04; OGTT ISR St.β = 0.18, P = 0.01) and followed an asymmetric pattern, as an increase in plasma TG was associated with higher insulin secretion, while a decrease in TG had no effect ( Figure S2 ).
| DISCUSSION
In this study, we examined whether plasma TG and VLDL are associated with insulin secretion and β-cell function in a multiethnic cohort Excess insulin secretion and hyperinsulinaemia can lead to T2D progression, independently of insulin resistance. [1] [2] [3] In view of this, gaining a deeper knowledge of the signals by which β-cells can be stimulated to release insulin would be clinically relevant. In agreement with previous observations, [4] [5] [6] in this study we found that adolescents with high fasting TG have 34% higher fasting insulin levels and 35%
higher ISR than subjects with normal TG, despite similar insulin sensitivity and insulin clearance ( h, P < 0.0001). The association between TG and ISR is supported by our follow-up data and seems physiologically relevant, as its strength is similar to or even greater than that of glucose and BMI in multivariable models (Table S2 ). The effect of TG might depend on their extraor intra-cellular metabolism to free fatty acids (FFA). 15 However, fasting plasma FFA were not correlated with insulin secretion in multivariable models accounting for insulin sensitivity and BMI. 16 Besides a direct effect of TG on pancreatic β-cells, other components of VLDL might explain the relationship between VLDL and ISR.
Our current findings do not support this hypothesis, as only VLDL fractions with greater TG concentrations (i.e. larger VLDL) were correlated with increased ISR (Table S3 ).
Racial differences in insulin levels have been proposed to be driven by different β-cell sensitivity to the stimulatory effect of lipids. 8, 15 However, we found that the correlation between lipids and ISR was similar among the three major race/ethnic groups in the United States ( Figure S1 ), thereby not supporting this hypothesis.
The strengths of this study include the accurate estimation of ISR and β-cell function parameters and the longitudinal assessment. Our cohort included mostly obese, insulin-resistant adolescents, thus results might not extend to the general population. We acknowledge the absence of an independent measure of insulin sensitivity and the lack of information on the phase of menstrual cycle in girls. The asymmetric shape of dose-response curves in follow-up analyses -also described in adults 6 -could depend on type two errors due to small sample size or indicate non-causal relationships. Regression analyses do not allow the definition of causality, which would need intervention studies to be ascertained.
These data support the role of circulating TG and triglyceride-rich VLDL as key determinants of insulin secretion independent of insulin sensitivity, and highlight their physiological relevance in comparison with well-established modulators of β-cell function, such as adiposity and glucose levels. Since a pathogenic role of primary insulin hypersecretion has been proposed, our results might expose a mechanism of disease progression and suggest novel approaches to the prevention and early treatment of T2D, as TG are highly susceptible to lifestyle and pharmacological interventions.
